ABSTRACT: N-Acylethanolamine acid amidase (NAAA) is a lysosomal cysteine hydrolase involved in the degradation of saturated and monounsaturated fatty acid ethanolamides (FAEs), a family of endogenous lipid signaling molecules that includes oleoylethanolamide (OEA) and palmitoylethanolamide (PEA). Among the reported NAAA inhibitors, α-amino-β-lactone (3-aminooxetan-2-one) derivatives have been shown to prevent FAE hydrolysis in innate-immune and neural cells and to reduce reactions to inflammatory stimuli. Recently, we disclosed two potent and selective NAAA inhibitors, the compounds ARN077 (5-phenylpentyl-N-[(2S,3R)-2-methyl-4-oxo-oxetan-3-yl]carbamate) and ARN726 (4-cyclohexylbutyl-N-[(S)-2-oxoazetidin-3-yl]carbamate). The former is active in vivo by topical administration in rodent models of hyperalgesia and allodynia, while the latter exerts systemic anti-inflammatory effects in mouse models of lung inflammation. In the present study, we designed and validated a derivative of ARN726 as the first activity-based protein profiling (ABPP) probe for the in vivo detection of NAAA. The newly synthesized molecule 1 is an effective in vitro and in vivo click-chemistry activity based probe (ABP), which is able to capture the catalytically active form of NAAA in Human Embryonic Kidney 293 (HEK293) cells overexpressing human NAAA as well as in rat lung tissue. Competitive ABPP with 1 confirmed that ARN726 and ARN077 inhibit NAAA in vitro and in vivo. Compound 1 is a useful new tool to identify activated NAAA both in vitro and in vivo and to investigate the physiological and pathological roles of this enzyme.
N-Acylethanolamine acid amidase (NAAA) is a cysteine hydrolase that belongs to the N-terminal nucleophile (Ntn) family of enzymes.
1−3 It is localized to lysosomes and bears a significant degree of sequence homology with the bacterial choloylglycine hydrolases, which are characterized by the ability to cleave nonpeptide amide bonds. 4 Like other Ntn enzymes, NAAA is activated by autoproteolysis at acidic pH, which generates a catalytically competent form of the enzyme. 5 Sitedirected mutagenesis experiments have unequivocally identified Cys131 (in mice) or Cys126 (in humans) as the amino acid residue responsible for both enzyme autoproteolysis and catalytic activity. 6−8 NAAA shares 33−34% identity with acid ceramidase (AC), another cysteine amidase found in lysosomes.
1 AC catalyzes the hydrolysis of medium-chain ceramides, which are important mediators of cell senescence and apoptosis, 9, 10 and the formation of sphingosine, while NAAA is involved in the deactivating hydrolysis of fatty acid ethanolamides (FAEs), a class of lipid mediators that play important roles in the control of pain, inflammation, and energy balance. 11, 12 In particular, NAAA preferentially hydrolyzes monounsaturated and saturated FAEs, such as oleoylethanolamide (OEA, 18:1Δ) 9 and palmitoylethanolamide (PEA, 16:0), 1,2,13 over polyunsaturated FAEs like arachidonylethanolamide (anandamide, 20:4Δ), 5, 8, 11, 14 which is preferentially inactivated by fatty acid amide hydrolase (FAAH). 14, 15 Anandamide is an endogenous agonist for cannabinoid receptors and participates in the control of stress-coping responses and pain initiation, 16 among other functions, while PEA and OEA regulate pain, inflammation, and energy balance primarily by ligating peroxisome proliferator-activated receptor-α (PPAR-α), a member of the nuclear receptor superfamily. 11,17−19 The pharmacology of PEA has been extensively investigated. 12 The compound inhibits peripheral inflammation and mast cell degranulation 20, 21 and exerts profound antinociceptive effects in rat and mouse models of acute and chronic pain. 11,21−23 Moreover, in mice, PEA suppresses pain behaviors induced by tissue injury, nerve damage, or inflammation. 18 These effects are dependent on PPAR-α activation, since they are absent in PPAR-α-null mice, blocked by PPAR-α antagonists, and mimicked by PPAR-α agonists. 18, 24 A limited number of natural 25 or synthetic 26−31 NAAA inhibitors have been reported thus far. Among them, α-amino-β-lactone (3-aminooxetan-2-one) derivatives have shown promise because of their high inhibitory potency and target selectivity.
32−36
In vitro and in vivo studies have demonstrated that this class of compounds blocks PEA and OEA hydrolysis in host-defense cells, such as macrophages and sensory neurons, and dampens tissue reactions to various inflammatory stimuli. 34, 35 For example, topical administration of 5-phenylpentyl-N-[(2S,3R)-2-methyl-4-oxo-oxetan-3-yl]carbamate (ARN077, Figure  1) , 32 ,33 a potent and selective β-lactone NAAA inhibitor [rat NAAA (rNAAA) median inhibitory concentration, IC 50 = 50 nM, human NAAA (hNAAA) IC 50 = 7 nM], elevates PEA and OEA levels in mouse skin and sciatic nerve and attenuates nociception in mice and rats. 37 Nevertheless, due to the inherent instability of β-lactone compounds, a program aimed at the identification of novel NAAA inhibitors suitable for systemic administration was undertaken. This program led to the discovery of 3-aminoazetidin-2-one derivatives as potentially useful NAAA-interacting probes. 38 Within this class, ARN726 (4-cyclohexylbutyl-N-[(S)-2-oxoazetidin-3-yl]-carbamate) (Figure 1 ) emerged as a potent, selective, and systemically active NAAA inhibitor (rNAAA IC 50 = 63 nM, hNAAA IC 50 = 27 nM). 39 In vivo experiments showed that systemic ARN726 exerts pronounced anti-inflammatory effects in mouse models of carrageenan-and LPS-induced inflammation and suppresses inflammatory reactions in human macrophages ex vivo. 39 These effects are ascribable to PPAR-α activation by endogenous PEA and OEA, the levels of which are increased after treatment with the inhibitor. 39 High-resolution liquid chromatography−tandem mass spectrometry (LC−MS) analysis enabled us to elucidate the mechanism through which β-lactone and β-lactam derivatives inhibit NAAA activity. We showed that ARN077 and ARN726 block NAAA via formation of a thioester bond with its catalytic cysteine. 39, 40 This result, together with the systemic activity demonstrated by ARN726, 39 prompted us to design an activitybased protein profiling (ABPP) probe that might be used to detect catalytically active NAAA in live animals. Similar β-lactams have been used as ABPP probes in bacterial proteomes to identify penicillin-binding proteins and other relevant targets. 41, 42 Here, we describe a novel β-lactam ABPP probe for NAAA and utilize click chemistry-ABPP (CC-ABPP) methodology 43, 44 to elucidate the in vitro and in vivo labeling profile of this compound.
The CC-ABPP technique (Figure 2 ) contemplates the use of a chemical probe with a terminal alkyne functionality, which is first incubated with intact cells or cell extracts and subsequently modified by 1,3-dipolar Huisgen cycloaddition 45−48 to introduce a reporter tag (e.g., biotin or rhodamine). Reacted proteins bearing the reporter tag can be subsequently identified by in-gel fluorescence detection, Western blot, or LC−MS analysis ( Figure 2 ). This two-step method allows for a more efficient labeling of reactive proteins compared with the original ABPP procedure, where the reporter tagged probes usually show low cell permeability and lower selectivity toward target enzymes. 41, 43 ■ RESULTS AND DISCUSSION The design of the ABPP probe 1 (ARN14686, undec-10-ynyl-N-[(3S)-2-oxoazetidin-3-yl]carbamate) was based on the chemical structure of the systemically active NAAA inhibitor ARN726 (Figure 1) . 39 We did not modify the azetidin-2-one ring of ARN726, which reacts with the catalytic cysteine of NAAA but replaced the 4-butyl-cyclohexyl group with a C9 saturated aliphatic chain bearing a terminal alkyne tag ( Figure  2a ). We selected a C9 chain for two reasons: first, previous work had shown that NAAA displays higher affinity for inhibitors with long aliphatic chains, 33, 38 and second, we expected that such a chain would facilitate the interaction between the alkyne moiety of 1 and the azide group of the reporter tag during the click chemistry reaction. The chemical synthesis of 1 is described in the Supporting Information.
We examined the ability of 1 to inhibit NAAA activity by assessing the hydrolysis of N-(4-methyl-2-oxo-chromen-7-yl)-hexadecanamide (PAMCA) using recombinant hNAAA heterologously expressed in HEK293 cells (see Supporting Information). Compound 1 inhibited hNAAA with high potency (IC 50 = 6 nM compared with IC 50 = 73 nM for ARN726). The compound also inhibited rNAAA (IC 50 = 13 nM), while having only a weak inhibitory effect on rat AC (IC 50 = 1.2 μM). As previously shown for ARN726, 39 compound 1 interacts with NAAA via covalent binding to the N-terminal cysteine. High-resolution LC−MS analyses showed that probe 1, upon incubation at acidic pH (4.5) with active purified hNAAA, forms a covalent adduct with the N-terminal peptide of the enzyme through S-acylation of its catalytic cysteine. Figure 3a reports the full MS/MS spectrum of hNAAA Nterminal peptide CTSIVAQDSR acylated by 1. Labeling occurs on the cysteine residue (see b fragment ion series reported in Figure 3b ) and two side-chain fragments are consistent with the formation of a thioester adduct (Figure 3c ).
To evaluate the usefulness of 1 as a click chemistry probe, we incubated the compound with purified hNAAA (which was preventively activated at acidic pH), coupled an azide−PEG3− biotin conjugate to its terminal alkyne using click chemistry, 49 and visualized protein bands using streptavidin−horseradish peroxidase (HRP). The labeling step was performed either in phosphate buffered saline (PBS, pH 7.4) or in phosphate/ citrate buffer, pH 4.5, while in both cases PBS was used as buffer for the click chemistry reaction. As shown in Figure 4a , a chemiluminescent signal was visible at the apparent molecular mass of catalytically active NAAA β-subunit, and no differences were observed at the two chosen pH values. By contrast, both active enzyme and full-length inactive protein were detected when using an anti-NAAA antibody. This result indicates that 1 binds only to the catalytically active form of NAAA and may serve therefore as an efficient activity-based probe. The interaction of 1 with NAAA was further evaluated using different concentrations of the probe with fixed amounts of purified hNAAA, or vice versa. As shown in Figure 4b , when increasing concentrations of 1 (from 0.01 to 10 μM) were incubated with a fixed amount of purified hNAAA (1 μM), a proportional increase in chemiluminescent signal was noted. A similar result was obtained when changing the protein amount while keeping the probe concentration constant (10 μM) (Figure 4c ). We performed this experiment in the presence of a background proteome (10 μg of HEK293 cell extract). As shown in Figure 4c , the lowest concentration of NAAA detected by the probe was 1.25 pmol.
We further validated 1 by testing the ability of the probe to label intact HEK293 cells that overexpress hNAAA (NAAA-HEK293). As shown in Figure 5a , incubations of intact cells or cell lysates with 1 yielded results similar to those obtained with purified enzyme, and only bands associated with the activated β-subunit of NAAA were tagged by streptavidin−HRP. When the anti-NAAA antibody was applied to blot membranes both intact and cleaved NAAA were detected, with a prevalence of the activated form of the enzyme. This experiment highlights the high versatility of 1, which can be efficiently used to detect NAAA both in cell lysates and in intact cells where the labeling occurs inside the lysosomes. In a similar experiment ( Figure  5b ), we preincubated NAAA-HEK293 cells with ARN726 (lane 3) or ARN077 (lane 4) and then added an equimolar concentration of 1. In either case, a decrease in signal intensity was observed, but a more pronounced masking of NAAA was noted with ARN726 than with ARN077. This is consistent with the partial reversibility of ARN077 observed in dialysis experiments 40 and with our findings that the covalent adduct formed by β-lactones with NAAA undergoes hydrolysis under the conditions of the assay, whereas the covalent adduct formed by β-lactams does not (unpublished data).
To check whether the signal of the band associated with overexpressed NAAA could partially or completely mask other unwanted targets, we repeated the experiment using wild-type (wt) HEK293 cells, which do not constitutively express NAAA (Supplementary Figure S1 , Supporting Information). The cells were incubated in the presence of 1, and then cytosol and membrane fractions were isolated. The entire CC-ABPP protocol was carried out, including the enrichment phase on streptavidin beads and LC−MS analysis of the enriched proteome. As a positive control, we used a maleimidecontaining probe (2, see Supporting Information), incubated it with wt HEK293 cells, and applied the CC-ABPP procedure to cytosol and membrane fractions. As shown in Figure 6a , in wt HEK293 incubated with 1, no significant bands were detected by protein blot. Conversely, when the same cells were incubated with 2, intense chemiluminescent signals were observed throughout the range of molecular masses, indicating that HEK293 cells express a large number of proteins that could potentially react with an electrophilic probe such as 1. The total lysate of NAAA-HEK293 incubated with 1 was also used as a control (lane 5, Figure 6a ). To further evaluate the possible presence of off-targets of 1, the same sample from HEK293 or NAAA-HEK293 incubated with 1 was enriched using streptavidin−agarose, and the eluted proteins were analyzed by protein blot. As shown in Figure 5b , no spurious target could be detected in HEK293 cells, even after the enrichment phase, whereas NAAA was clearly identified in HEK293 cells overexpressing the enzyme. As last step to ensure the identification of all possible targets of 1, the streptavidin enriched proteins of HEK293 and NAAA-HEK293 were also analyzed by LC−MS/MS. The findings confirmed that NAAA was the only labeled enzyme in NAAA-HEK293 cells (Supplementary Table S1 , Supporting Information).
The ability of 1 to label NAAA in intact cells encouraged us to examine the efficiency and selectivity of the probe under more challenging experimental conditions, such as those offered by in vivo treatments and analysis of homogenates and tissue fractions prepared from freshly dissected organs. We examined therefore whether 1 was able to label NAAA in rat lungs, which are known to contain the enzyme in relatively high levels. 2 We first prepared various tissue fractions (total lysate, membrane, cytosol, and lysosome fractions) and incubated them with two different concentrations of 1 (1 and 10 μM). We performed the CC-ABPP protocol, including the streptavidin enrichment phase, and analyzed the labeled proteins by protein blot as shown in Figure 7a . Consistent with our previous findings, a protein band with the apparent molecular mass of NAAA was visualized in the lysosomal fraction incubated with the two different concentrations of 1 (1 or 10 μM). At the highest concentration used, another weaker signal with apparent molecular mass of 37 kDa was observed. Moreover, a protein band at around 68 kDa was detected in the total lysate and the cytosolic fraction. LC−MS analyses of the streptavidin-enriched proteins confirmed the presence of rNAAA in the lysosome fraction and identified the 37 kDa band as AC, while the 68 kDa protein corresponded to serum albumin. These additional targets were present only in samples exposed to the highest concentration of 1, which at 1 μM was highly selective for NAAA (Supplementary Table S2 , Supporting Information). The expression of NAAA and AC in the rat lung cellular fractions was analyzed also by Western blot using specific antibodies (Supplementary Figure S2 , Supporting Information).
Finally, we investigated the ability of 1 to act as a selective activity-based probe for NAAA in vivo. We administered the compound by intravenous (iv) injection (10 mg/kg) in either naive rats or rats that were pretreated with ARN726 (10 mg/kg, iv). Lysosomal lung preparations were used for click chemistry and streptavidin enrichment. The protein blot results illustrated in Figure 7b indicate that ARN726 competed with 1 for binding to both NAAA and AC (lane 3, Figure 7b ). The binding of ARN726 and 1 to AC is not unexpected, given the high exposure achieved with the 10 mg/kg iv dose of the two compounds. In agreement with previous results, when rats were treated only with 1 the bands associated with NAAA and AC (lane 4, Figure 7b ) were clearly visible. The presence of NAAA and AC as the only targets of 1 was confirmed by LC−MS analysis of the enriched proteome (Supplementary Table S3 , Supporting Information).
In conclusion, based on the scaffold of the serine-derived β-lactam ARN726, we designed and validated compound 1 as the first activity-based probe for NAAA. β-Lactones and β-lactams are known to react with enzymes bearing active site nucleophiles, and thanks to the covalent nature of their inhibition and their customizable reactivity, they may be especially suitable for the design of activity-based probes. 41 Since mammals express a substantial number of proteins that could be potentially targeted by β-lactone and β-lactam probes, selectivity is an important issue. In this study, we provide evidence that 1 efficiently binds to the catalytically active form of NAAA and displays very high target selectivity both in vitro and in vivo. Among hundreds of known serine and cysteine proteases, 50 1 interacted only with NAAA, indicating that it may offer a useful tool to identify activated NAAA in animal models and other complex biological systems. The recent finding that NAAA may be involved in tumor aggressiveness 51 highlights the relevance of this result. Moreover, we showed that, when administered at high concentrations or doses (10 μM in vitro, 10 mg/kg in vivo), 1 is able to bind AC, a key enzyme of sphingolipid metabolism that shares 33-34% identity and 70% similarity with NAAA. Uracil derivatives have been recently disclosed, which may be useful as ABPP probes for AC. 52 Our results suggest that the β-lactam scaffold may offer an additional starting point for the development of activitybased probes for AC and, possibly, other cysteine hydrolases. ■ METHODS Sample Preparation for CC-ABPP Analysis on Purified hNAAA. Purified hNAAA (2 μM) was incubated in activation buffer [100 mM sodium phosphate buffer, 100 mM sodium citrate, 3 mM tris(2-carboxyethyl)phosphine (TCEP) hydrochloride, 0.1% Triton X100, pH 4.5] for 2 h at 37°C. The labeling with compound 1 (20 μM, for 1.5 h at 37°C) was performed either in activation buffer (pH 4.5) or in PBS (pH 7.4) following a buffer exchange step using desalting columns. After incubation with the probe, the buffer of both samples was exchanged with PBS, and the click chemistry reaction was performed. Control samples containing DMSO were also prepared. For the concentration−response curves, the amount of NAAA and 1 were as indicated in Figure 4 , and the labeling pH was pH 7.4. To determine the detection limit of NAAA by 1 (Figure 4c) , the purified protein (5 μg) was dissolved in 100 μL of wt HEK293 protein extract (1 mg mL −1 , in PBS buffer), and then 1:2 serial dilutions in HEK293 proteome (1 mg mL −1 ) were prepared. Protein samples were subjected to click chemistry for biotin addition, as described below, and samples (10 μL) were analyzed by gel-electrophoresis and protein blot.
Sample Preparation for CC-ABPP Analysis on Cell Lines. For the in vitro CC-ABPP on cell lysates, NAAA-overexpressing HEK293 cells (1 × 10 7 ) were lysed by sonication (Sonopuls HD 2200, Bandelin, D) in 4 volumes of PBS/sucrose 0.32 M at pH 7.4 and protease inhibitor cocktail (Sigma-Aldrich product #P8340). The suspension was centrifuged at 800g for 20 min at 4°C to discard nuclei and cell debris. The total extracted proteins were quantified with BCA protein assay (Euroclone). The protein extracts were diluted to 2 mg mL −1 (500 μL) and incubated with 1 (10 μM) or DMSO only, for 1 h at 37°C. Click chemistry was performed as described below. For the in-cell CC-ABPP, cells (wild-type HEK293 or hNAAA overexpressing HEK293) were cultured in suspension with FreeStyle 293 expression medium (Life Technologies) and treated with 1 or 2 (40 μM) for 1 h at 37°C. For competitive ABPP, cells were first incubated with ARN726 (40 μM) or ARN077 (40 μM), and then 1 (40 μM) was added. For each experiment, cells treated with DMSO were used as control. After treatment, cells were lysed in PBS/0.32 M sucrose, pH 7.4, as described above. For the analysis of total cell proteome, the suspension was centrifuged for 20 min at 800g at 4°C, and the supernatant was saved (total lysate). For the experiments on cell fractions, the supernatant was centrifuged at 100000g to obtain total cell membranes (pellet) and cytosol (supernatant). For each sample, extracted proteins were quantified using the BCA assay (Euroclone). The samples were stored at −80°C until use. The click chemistry reaction was performed as described below.
Animals. We used male Sprague−Dawley rats, weighing 175−200 g (Charles River). All procedures were performed in accordance with the Ethical Guidelines of European Communities Council (Directive 2010/63/EU of 22 September 2010) and accepted by the Italian Ministry of Health. All efforts were made to minimize animal suffering and to use the minimal number of animals required to produce reliable results. Animals were group-housed in ventilated cages and had free access to food and water. They were maintained under a 12-h light/ dark cycle (lights on at 8:00 am) at controlled temperature (21 ± 1°C
) and relative humidity (55% ± 10%). Experimenters were unaware of the treatment protocol at the time of the test (blind procedure).
Sample Preparation for CC-ABPP Analysis on Rat Lungs. Three rats per dose were used. Compound 1 or ARN726 was dissolved in PEG400/Tween 80/Saline solution at 10%/10%/80% in volume, respectively, and administered intravenously (iv) at a dose of 10 mg kg −1 . For the competition assay, rats were pretreated with ARN726 for 1 h, and then 1 was administered for additional 1 h. After treatments, the rats were sacrificed, and lungs were immediately dissected, frozen on dry ice, and stored at −80°C until analyses. Lungs were homogenized in PBS, pH 7.4/0.32 M sucrose using an IKA T-18 Ultraturrax homogenizer. Samples were then centrifuged 25 min at 800g. The supernatant was centrifuged for 30 min at 12000g at 4°C. The pellets were suspended in 2 volumes of PBS and subjected to two freeze/thaw cycles at −80°C to solubilize proteins. The suspensions were centrifuged at 105000g for 1 h at 4°C, and the soluble fraction was taken. For the in vitro experiments, lungs were obtained from naive rats (without treatment) and homogenized as described above. The supernatant obtained after the first centrifugation at 800g (total lysate) was centrifuged again either at 105000g to obtain total membranes (pellet fraction) and cytosol (soluble fraction) or at 12000g as described above for the in vivo experiments. The membranes were suspended in 4 volumes of PBS. Protein concentration was measured by BCA assay (Euroclone), and samples were stored at −80°C until use. The probe was added at 10 μM for 1 h at 37°C. The click chemistry reaction was performed as described below.
Click Chemistry and Streptavidin Enrichment. The click chemistry and the streptavidin enrichment were performed according to the protocol described by Speers and Cravatt. 49 Briefly, the following reagents were added to the protein preparations at the indicated final concentration: 100 μM azide−PEG3−biotin conjugate (CLK-AZ104P4, Jena Bioscience), 1 mM TCEP, 100 μM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), 1 mM CuSO 4 · 5H 2 O. TBTA was first dissolved in DMSO at 83.5 mM and then diluted with four volumes of t-butanol. The reaction was mixed by vortexing and incubated 1 h at 25°C. The volumes of reaction were 2 × 500 μL (1 mg mL −1 protein concentration) when streptavidin enrichment was required and 50 μL (1 mg mL −1 protein concentration) when only protein blot analysis was performed. After the reaction time, the samples were either directly analyzed by protein blot or streptavidin enriched as described. 49 Briefly, the proteins were first extracted by methanol/chloroform extraction; the final protein pellet was suspended in 650 μL of SDS 2.5% and sonicated 3 × 10 s, heated at 65°C for 5 min, and sonicated again. Finally, the samples were centrifuged to remove the possible insoluble fraction. The percentage of SDS was diluted to 0.2% by PBS addition, and 100 μL of streptavidin−agarose resin (50% slurry, product no. 20353, Thermo Scientific) was added for 1 h at RT. The streptavidin beads were collected by centrifugation and washed with 1% SDS, 6 M urea, and PBS. The recovered beads were treated according to the further application. 
